are thought to contribute to spindle elongation. It is generally assumed that the MT minus ends are capped and stabilized by SPBs, but the direct experimental evidence is lacking.
Here, we have developed a combinatorial GFP-fluorescence microscopy/photobleaching/laser microsurgery approach to study the mechanics and dynamics of the mitotic spindle in yeast cells. Our results show that cuts across the spindle have different effects during different stages of anaphase. During early and late stages of anaphase, cutting through the spindle induces rapid depolymerization of MTs within the spindle. However, in midanaphase, the spindle midzone develops properties that stabilize MTs against depolymerization, and spindle fragments continue to elongate even when they are not connected to SPBs. These studies provide new insights into the regulation of MT stability and the mechanics of spindle elongation and demonstrate the utility of laser microsurgery as a new tool in the study of yeast cell biology. Series of up to 10-20 5 ns pulses (1-2 s at 10 Hz) observed that three to five laser pulses aimed at the periphery of the nucleus induced rapid loss of NLSgenerally did not affect general cell integrity. Differential interference contrast (DIC) microscopy showed that GFP signal ( Figure 1B ). Nuclear pore and chromosomal staining showed that nuclear structure remained largely yeast cells remained intact and viable, as assessed by continuous movement of intracellular components and intact, suggesting that the laser produced only a discrete hole in the nuclear envelope and did not, for inorganelles (Figure 1) .
Figure 1. Laser Microsurgery Causes Specific Ablation of Cellular

Results
Structures in Fission Yeast
S. pombe cells expressing a nsp1-GFP nuclear envelope marker
Laser Ablation in Fission Yeast
In mammalian cells, the laser pulses instantly convert stance, ablate the whole nucleus ( Figures 1BЈ, insert,  and 1C) . Further, laser cuts in the cytoplasm adjacent all intracellular components within the focal point into amorphous electron-opaque material. The dimensions to the nucleus (within 1 m) had no detectable effects on nuclear fluorescence (our unpublished data). In cells of the ablation zone are approximately 300-400 nm in the XY plane and 500-600 nm in the Z axis, as measured with two nuclei (during cytokinesis), a laser cut to one of the nuclei did not affect the other (our unpublished by same-cell electron microscopy [4]. Because of changes in refractive index, the ablated zone is easily data). These experiments established that focused 532 nm laser pulses create discrete openings in the nuclear detected in living cells by DIC microscopy [4]. We found that a series of three to five laser pulses reproducibly envelope but do not compromise its integrity outside of the irradiated area. We have used a similar approach to induced the formation of a similar small "scar" in yeast cells ( Figure 1AЈ, insert) . punch holes in the membranes of mitochondria [19] . Thus the effects of laser irradiation in yeast cells were To further characterize the effects of laser irradiation in yeast cells, we tested the effects of firing laser pulses similar to those observed previously in mammalian cells [4, 14, 19]. through the nuclear envelope. We used cells expressing two GFP fusions: a diffusible nuclear localization signal-GFP-␤gal fusion protein (NLS-GFP-␤gal) that accumu-
Behavior of Uncut Mitotic Spindles
Before describing our use of laser microsurgery to cut lates inside of the nucleus and a nuclear pore-GFP (nsp1-GFP) that marks the nuclear envelope proper [17, spindles, we first present the characterization of normal spindle behavior under our particular experimental con-18]. The rationale here was that focused laser ablation should create a hole in the nuclear envelope, leading ditions. Mitotic spindles were visualized by time-lapse fluorescence microscopy in cells expressing GFP-atb2p to discharge of NLS-GFP-␤gal from the nucleus. We To probe the properties of mitotic spindles, we used laser microsurgery to sever spindle MTs. The cuts were 2C). However, as spindles elongated, they consistently Table 1 ). While the smaller spindle fragment depolymerized rapidly, the larger spindle operations are summarized in Table 1 .
When short and medium-length spindles were cut in fragment, connected to the distal SPB, elongated in a unidirectional manner in the direction of the cut toward the middle, an immediate response was the rapid movement of the spindle poles toward one another (Figure the cell tip. These MT "projections" elongated at an average rate of 1.2 Ϯ 0.2 m/min (n ϭ 5), the same as 3). The character of the movement did not differ between short and medium-length spindles. Importantly, astral the spindle elongation rate (1.1 m/min) of uncut mitotic spindles grown under the same conditions. Generally, MTs in the medium-length spindles did not appear to produce any forces that pull the spindle apart. This rethe intact pole did not move relative to the cell until the spindle projection reached the cell tip. Then, it moved veals that the forces produced within the spindle that push the poles apart is the primary force for anaphase B.
away from the contact point, presumably because the continued elongation pushed the entire spindle away. Many short spindles completely collapsed upon cutting (61%, n ϭ 13; Figure 3A ; Table 1 ). In these cases,
The formation of the elongating MT projection was highly reproducible, especially in cuts to medium-length all of the MTs in the nucleus progressively depolymerized so that after 100-200 s, the nucleus had no detectspindles (in 92% of asymmetric cuts to midlength spindles, n ϭ 13, Table 1 ). able MTs and was filled with depolymerized tubulin (Figure 3A Cuts to medium-length spindles and to a subset (38%) dle MTs. In this scenario, elongating spindle fragments may still retain overlapping MTs and may behave much of short spindles produced one or two spindle fragments that were stable and that continued to elongate (Table  like the intact spindle, except that this spindle is connected to only one SPB. 1). When medium-length spindles were severed in the middle, both spindle halves then grew, forming an "X"
To differentiate between these two possibilities we combined laser microsurgery and photobleaching in the pattern. In several cases, the halves of the cut spindle would "zip" together so that spindle appeared to "repair" same cell. In these experiments, we first severed a medium-sized spindle near one of the SPB, and after the itself and then elongated in a bilateral fashion ( Figure  3D ). However, time-lapse images showed that elongalarger spindle fragment began to elongate, we photobleached it near the middle of the spindle fragment, tion was led not by the SPBs but by the part of the spindle that was previously cut. The SPBs, which often creating a fiduciary mark (Figures 4C and 4D) . Timelapse fluorescence microscopy revealed that phocontinued to nucleate astral microtubules, remained near the middle of the cell (Figure 3D, arrowhead) . Thus, tobleach marks behaved in the projection just as in intact spindles: the mark first disappeared and then reap-( Figure 4E ). As the projection lacks a SPB at one of its ends, these findings show that spindles are capable of peared as two marks at either end of the projection (n ϭ 5 cells). As for uncut spindles, the distances from the elongation in the absence of a spindle pole. Although medium-length spindle fragments elonmark to the end of the spindle were conserved. These results are inconsistent with the elongation of just one gated similarly to intact spindles, chromosome segregation was severely compromised under these conditions. half-spindle and strongly support the second model, in which the projection contains overlapping MTs that This was not surprising, considering that the site of laser ablation also contained kinetochore MTs and chromopolymerize and slide apart much like an intact spindle somes associated with the one SPB. DNA visualization sites away from the SPB did not cause such effects. Thus, while MTs themselves may be able to displace with Hoechst 33342 staining revealed that in most cases the chromosomes did not segregate equally with the the nuclear envelope, the SPBs and associated chromosomes are normally required for moving the bulk of the elongating MT projection ( Figure 5A ). These asymmetric Hoechst staining patterns were not due to photobleachnuclear envelope during anaphase. ing by the laser (our unpublished data). Small masses of DNA were sometimes associated with the detached Elongation of the Spindle Midzone after Detachment of both SPBs SPB fragment that associated with the side of the MT spindle projection. By using a nuclear pore marker
The results of single laser cuts to the spindles suggested that the SPB is not required for spindle stabilization or (nsp1-GFP), we found that laser cuts near a SPB caused a protrusion in the nuclear envelope that grew out from elongation. To test this idea further, we severed both SPBs from the spindle. Two cuts were made in succesthe nucleus near the cut site (n ϭ 5; Figures 5B and 5C formation (data not shown). Although these findings are suggestive of effects on the function of the SIN pathway, intensity of these fragments was lower than that of intact further examination of SIN pathway components will be spindles, suggesting that a subset of MTs was missing needed to address more directly the effects on these from these fragments. The elongation rate of these fragproteins. ments was about 40% of wild-type spindle elongation rates (0.4 Ϯ 0.1 m/min; n ϭ 3). Thus, the spindle can Discussion still elongate in the absence of attached SPBs.
The knowledge of MT dynamics and MT-based force Selective Stabilization of Microtubules in the production in the mitotic spindle is essential for underSpindle Midzone Disappears during Telophase
standing the mechanism of mitosis. Here, we have used Cuts in late spindles (Ն7.5 m long) caused a third the combination of laser microsurgery and photobleachbehavior. Cutting the middle of these spindles caused ing to gain new insights into the mechanism of anaphase the nuclei to abruptly move together (Figure 7) , showing B in fission yeast. In particular, these studies show that that as for the shorter spindles, the late spindle exerts the spindle midzone, in the absence of SPBs, is suffioutward-directed forces. In some cells, the spindle MTs cient for MT stabilization and for production of the pushdepolymerized from the cut back to the region of the ing forces that drive spindle elongation. nuclei (Figure 7 ; Table 1 
